Purpose: To evaluate therapeutic activity of PAK inhibition in ATLL and to characterize the role of PAK isoforms in cell proliferation, survival, and adhesion of ATLL cells in preclinical models.
Introduction
Adult T-cell Leukemia/Lymphoma (ATLL) is a highly aggressive T-cell neoplasm caused by human T-cell lymphotropic virus (HTLV)-1 (1, 2) . Patients diagnosed with the aggressive subtypes carry some of the worst prognosis of any of the non-Hodgkin lymphomas. The 5-year overall survival (OS) rate of patients with ATLL is reported to be only 14% (3) . In accordance with the endemic regions of HTLV-1, ATLL is most frequently diagnosed in southwest Japan and the Caribbean islands. Most patients with ATLL diagnosed in North American (NA-ATLL) are of Caribbean descent. Compared with the Japanese patients (J-ATLL), NAATLLs tend to have a more aggressive clinical course, higher rates of chemo-refractory disease, and worse prognosis (4) (5) (6) . Such differences in clinical behavior may be accounted for by distinct somatic mutation patterns between these two patient populations (7) . Although there is no standard therapy for ATLL, the initial treatment often employs combination chemotherapy followed by allogeneic transplantation (1) . Yet, the high rate of chemo-resistance disease often leads to treatment failure and dismal survival outcomes. Hence, an attractive strategy is to design mechanism-based treatment that could target novel pathways critical in maintaining ATLL phenotype in vivo.
The current model for ATLL pathogenesis depicts the initial infection of CD4 T cells by HTLV-1, followed by downregulation of the HTLV-1 Tax protein, and progressive accumulation of genetic and epigenetic changes in the infected T cells that ultimately lead to oncogenic transformation and disease progression (2) . In an integrated genomics and transcriptomics study of a large cohort of 426 J-ATLL patients, many frequently altered genes encoding candidate driver mutations in ATLL transformation and progression were reported (8) . These genes are involved in the TCR/NF-kB signaling, T-cell trafficking, and immune surveillance. Among the 35 genes frequently targeted by both somatic alterations and the HTLV-1 onco-protein Tax, p21-activated kinase (PAK) 2 is amplified in 24% of the cases (8) . PAKs are a family of serine/threonine kinases composed of six isoforms (PAK1-6).
These isoforms are separated into two groups. Group I PAKs (PAK1/2/3) are activated by signals emanating from the small GTPase CDC42 or RAC, whereas group II PAKs (PAK4/5/6) are only activated by CDC42 (9) . In solid tumors, PAKs are frequently upregulated and/or hyper-activated either as the consequence of gene amplification (PAK1/4) or more so by changes in upstream regulators (8, 10) . PAKs influence cancer cell proliferation and survival through a number of downstream signaling pathways, which often feed into the nuclear transcription program. Among these, the ones most relevant to ATLL biology are TCR/NF-kB, STAT5, ERK, b-catenin, and Raf/BAD (8) . PAKs can also regulate cancer cell migration and metastasis through their cytoplasmic substrates involved in cytoskeletal remodeling, for example, PAK1/2 can modulate Rac GTP activity and lamellipodia formation (9) .
In the ATLL microenvironment, migrating leukemic cells rely on lamellipodia formation at the leading edge to bind to and spread on stromal cells (11) . Previous studies have shown that this process involves the ectopically expressed adhesion molecule CADM1/TSLC1 (11, 12) , and is a key step in organ infiltration of ATLL cells in animal models (13) . In patients with ATLL , CADM1 expression in combination with CD7 downregulation closely correlates with clonal expansion of leukemic cells (14) . Functionally, trans-homophilic interactions of CADM1 activates PI3K (15) and NF-kB (16) , whereas trans-heterophilic CADM1 interaction triggers recruitment of the RAC1 GEF, TIAM1, to the CADM1-cytoplasmic domain, leading to RAC1 activation and remodeling of actin-network and lamellipodia formation (11) . Although RAC1 is known to be required for CADM1 function in ATLL, PAK kinases supporting CADM1-dependent stroma adhesion of ATLL cells have not been defined.
Because cancers with aberrantly activated PAKs are often addicted to their activity (9) and PAK signaling can drive acquired drug resistance to targeted therapies in several types of cancers (17) (18) (19) (20) , the PAK family kinases have been explored as therapeutic targets in a number of solid tumors and hematologic malignancies (18, 19, 21, 22) . In this study, we evaluated the therapeutic value of PAK inhibition in ATLL preclinical models. We also examined the role of PAK1 and PAK2 in ATLL cell proliferation, survival, and stroma adhesion.
Materials and Methods
Additional methods and details are described in Supplementary Materials and Methods, available online at the CCR Web site.
Cell cultures
Su9T01, ED40515(þ), ED40515(À), ED41214(þ), ED41214(À), ATL55T(þ), ATL43T(þ), and ATL43Tb(À) were J-ATLL cell lines. ATL13, ATL18, and ATL21 were long-term CD4 þ T-cell cultures derived from NA-ATLL patients (Supplementary Fig. S1 ; ref. 7) . ED40515(þ), ED41214(þ), ATL55T(þ), ATL43T(þ) cells, and the NA-ATLL cell lines were grown in the presence of 100 unit/mL human IL2. All J-ATLL cell lines, the five HTLV-1-negative human T cell lines (Jurkat, CEM, HuT78, MAC1, OCI-Ly13.2), and the human follicular dendritic cell (FDC) cell line, HK (23) , were cultured in RPMI with 10% FBS. Two additional HTLV-1-negative T cell lines HH and FePD1 were maintained in IMDM and DMEM containing 20% FBS, respectively. All NA-ATLL cell lines and short-term cultures were maintained in IMDM containing 20% human serum. All medium were supplemented with 100 unit/mL penicillin and 100 mg/mL streptomycin. All cell cultures has been routinely tested for mycoplasma contamination.
In vitro cytotoxicity assay PF-3758309 (PF, Selleckchem; Catalog No. S7094) is an ATPcompetitive inhibitor that targets PAK1, PAK2, PAK3, and PAK4. IPA-3 (Tocris; Catalog No. 3622) is a selective non-ATP competitive PAK1 inhibitor that also binds PAK2 and PAK3. The IC 50 of PF-3758309 and IPA3 were determined using resazurin (R&D Systems; Catalog No. AR002)-based viability assays in which cells were exposed to various concentrations of the reagents for 48 hours. To evaluate the response to IPA-3, a structurally related inactive compound, PIR3.5 (Tocris; Catalog No. 4212), was also tested.
Adhesion assay
A total of 7 Â 10 3 HK cells/well were seeded in a 96-well plate and allowed to attach overnight before the assay. Parental ATLL cells or ATLL cells that were transfected with siRNA oligos 48 hours earlier were fluorescently labeled with the Calcein AM dye according to the manufacturer's instructions (Invitrogen; Catalog No. C3100MP). Labeled parental ATLL cells were then treated with either DMSO or PF at 2.5 mmol/L for 1 hour prior to exposure to HK. Subsequently, ATLL cells were added to the HK feeder-coated 96-well plate in triplicate at 7 Â 10 4 cells/well and allowed to adhere for 180, 150, 120, 90, 30, and 15 minutes. Non-attached cells were washed away four times with 1x PBS. Absorbance reading was performed at 480 to 520 nm with the Fluostar plate reader. Adherence of ATLL cells to HK feeder was calculated as the fraction A/B. A is the absorbance values after washing away unattached cells minus average absorbance values of HK cells alone after washing. B is the absorbance values of cells before washing minus average absorbance values of HK cells alone before washing.
Xenograft studies of in vivo PF-3758309 activity
A patient-derived xenograft (PDX) model was established from patient PBMCs (ATL18) in NSG (NOD/SCID/gC-/-) mice by serially passaging subcutaneous tumor mass in female NSG mice. In this model, distal dissemination is a constant feature that
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Results
Amplification of PAK2 is a frequent event in ATLL and correlates with inferior survival
Copy number variation in a cohort of 426 Japanese ATLL samples was studied using SNP array karyotyping (8) . Among the 26 focally amplified region is a band on 3q29, encoding PAK2 ( Supplementary Fig. S2A ). In all, PAK2 amplification was detected in 24.4% of all ATLL cases with a preferential enrichment in the aggressive subtypes (acute/lymphomatous vs. chronic/smoldering: 27.5% vs. 16.0%; Benjamini-Hochberg correction, q ¼ 0.09). There is a trend for increased PAK2 mRNA expression in 3q29 amplified cases ( Supplementary Fig. S2B ) Most importantly, PAK2 amplification was significantly associated with a trend for poor overall survival (P ¼ 0.029, Fig. 1A ).
Expression patterns of PAK family members in ATLL
Given PAK2 amplification in ATLL, we wanted to examine expression pattern of this kinase in primary samples. We first established mRNA expression profiles for all six PAK family members in this disease. In acute ATLL, a significant fraction of peripheral blood mononuclear cells (PBMC) are leukemic T cells. We therefore performed qRT-PCR assays for PAK1-6 on 6 PBMC samples from patients with ATLL and compared them to four healthy controls (Fig. 1B) . PAK2 is expressed at the highest levels among all samples followed by PAK1. Ranking third, PAK4 mRNA level is approximately one log lower than PAK1 but still approximately one log higher than PAK3 and PAK6. PAK5 mRNA is undetectable in most patient samples. The same pattern is observed from the RNA-seq dataset of the Japanese ATLL cohort ( Supplementary Fig. S2C ).
To measure PAK mRNA expression in pure populations of ATLL cells, we then analyzed eight ATLL cell lines and compared the results to normal resting and activated CD4 þ T cells, a pooled normal Treg sample, and four cell lines representing other T-cell non-Hodgkin lymphomas (Jurkat and CEM, acute lymphocytic leukemia; HuT78, cutaneous T-cell lymphoma; OCI-Ly13.2, peripheral T-cell lymphoma; Fig. 1C ). The pattern for PAK isoforms among ATLL cell lines largely resembles that seen with patient PBMCs, although PAK3 and PAK6 mRNAs exhibit much more intragroup heterogeneity. Compared with normal resting CD4 T cells, ATLL cell lines under-express several PAK isoforms including PAK1, PAK2, PAK4, and PAK6. The same trend exists in another ATLL gene expression dataset (Supplementary Fig. S2D ; ref. 25) . Of note, when compared with activated CD4 T cells and other types of T-cell malignancies, PAK2 mRNA is also reduced in ATLL cell lines (Fig. 1C) . In general, Tregs have the lowest levels of all PAKs among all tested samples except for PAK2, which is expressed at comparable levels in Tregs and ATLL cell lines. Although the cause of this apparent ATLL-associated PAK2 downregulation is currently unknown, the observation does suggest that the level of PAK2 may have become rate-limiting in this disease and thus gene amplification events are positively selected in aggressive ATLLs. This interpretation is in line with observations made on PAK1/2 proteins. Western blot analysis shows significant variability of PAK1 protein across all diagnostic categories of T-cell malignancies, whereas PAK2 protein exhibits less variability across the panel (Fig. 1D ). It should be noted that the characteristic ATLL-associated reduction of PAK2 mRNA is not reflected at the protein level. We interpreted this result as a suggestion that posttranscriptional mechanisms such as protein stability may operate to compensate for the reduced PAK2 mRNA expression. In summary, our result indicates that PAK1/2/4 are the most abundantly expressed PAK isoforms in ATLL and that PAK2 is regulated differently from the other PAKs during ATLL development.
PAK inhibitors have in vitro activity against primary ATLL samples and ATLL cell lines Given the PAK family expression patterns in ATLL, we selected two PAK inhibitors for pharmacologic PAK inhibition. PF-3758309 (PF) is the first PAK inhibitor to advance to clinical trial. It is an ATP-competitive inhibitor with documented activity against all PAK family members to various degree (26, 27) . IPA-3 is an allosteric inhibitor that has specific activity against group I PAKs but spares group II PAKs (28) . In all, seven J-ATLL cell lines, seven North American patient samples, and three NA-ATLL cell lines were tested ( Fig. 2A-C; Supplementary Fig. S3 ). For PF, the 48 hours IC 50 values range from 1.8 to 13.4 mmol/L for the seven Japanese cell lines tested. IL2 requirement culture condition did not appear to impact PF sensitivity. For NA-ATLLs, the IC 50 values range from 1.2 to 14.4 mmol/L for the seven primary patient samples and 2.9 to 8.2 mmol/L for the three cell lines. Of note, ATL6a/6b/6c and ATL19a/19b are serial samples collected from chemo-refractory patients treated with high-dose chemotherapy in combination with antiviral agents. We also tested IPA-3 responsiveness in six Japanese cell lines and two North American ATLL samples. Relatively low IC 50 s were observed (6.6-16.9 mmol/L), demonstrating in vitro efficacy of both pharmacologic inhibitors in both Japanese and North American ATLLs ( Fig. 2C ; Supplementary Fig. S3C and S3D ). Interestingly, activated normal CD4 T cells are highly sensitive to PF (IC 50 ¼ 2.5 mmol/L), suggesting that PAK kinases play an extremely important role in their proliferation/survival.
To explore the role of individual PAK isoforms in the observed PF activity, we examined changes in total PAK1/2 proteins as well as phospho PAK1/2/4 following 1 hour of PF treatment at 2.0 to 2.5 mmol/L, which are below the majority of 48 hours IC 50 values for the selected samples including six J-ATLL cell lines and four NA-ATLL samples (Fig. 2D) . Both PAK1 and PAK2 were readily detected in all samples examined except ED40515(þ), which has the lowest levels of both PAKs. Lower levels of total PAK1 was also noted for ATL55T(þ) and Su9T01. We examined all four types of phosphorylated PAK1/PAK2 and found that all of them exhibited cell line to cell line variability; yet, there is a close correlation between phospho-Ser20-PAK2 and the ability of a cell line to form tight aggregates in suspension culture (not shown). Interestingly, PF treatment reduced PAK2 phosphorylation on two residues (phospho-Ser20 and phospho-Ser141) while enhancing the signal on the third (phospho-Thr402; Fig. 2D ). Because binding of PAK2 is the most abundantly expressed PAK family member in ATLL, and its amplification is associated with inferior outcome. A, OS of patients with ATLL with PAK2 gene amplification is worse than those without the amplification. B and C, Quantitative RT-PCR analysis of mRNA levels of PAK family members (B) in ATLL patient PBMCs (n ¼ 6) compared with healthy control PBMCs (n ¼ 4), and (C) in ATLL cell lines (n ¼ 6) compared with resting (n ¼ 4) and activated normal CD4 T cells, normal Treg cells, and cell lines representing other T-cell malignancies (n ¼ 4). Error bar, mean AE SEM. Two tailed Student t test: Ã , P 0.05; ÃÃ , P 0.01; ÃÃÃÃ , P 0.0001. D, Western blot analysis of PAK1, PAK2, and PAK4 protein expression in a panel of T-cell lines and three short-term ATLL cultures (ATL6b, ATL22, and ATL25). Of note, based on data in Supplementary Fig. S2E , the major band reacted with the PAK4 antibody is a nonspecific band, whereas the PAK4-specific signal is the weak band denoted by the arrow. PF to the primed ATP-binding site in PAK is expected to lock the enzyme in this partially activated state, the observed changes in PAK2 is consistent with the model for its activation (9) . In comparison, under the PF treatment conditions, phosphorylated PAK1 was either not altered (phospho-Ser144-PAK1) or often enhanced (phospho-Ser199-and phospho-Thr423-PAK1) but never reduced. In most samples tested, strong phospho-PAK4 signals were detected. Yet, PF only reduced phospho-PAK4 in two cell line, ED40515(À) and Su9T01, which are the most sensitive samples to PF (Fig. 2C) . Two conclusions can be made from these observations. First, at 2.0 to 2.5 mmol/L, PF could effectively inhibit PAK2 kinase activity in all samples containing activated PAK2; whereas all seven tested samples contained activated PAK4, it was only reduced by PF in the two sensitive cell lines. Signals representing activated PAK1 were very weak and not reduced in these experiments. Second, when it comes to correlation with in vitro PF response, the best predictor of sensitivity appears to be low level expression of both PAK1 and PAK2 as well as phospho-PAK4 (Fig. 2D ).
Pharmacologic PAK inhibition induced time-and dosedependent apoptosis in ATLL cell lines
Because the resazurin-based in vitro viability test measures both cell proliferation and survival effects, we next evaluated these two cellular responses separately. Six J-ATLL and three NA-ATLL cell lines were treated with the indicated doses of PF and apoptosis was measured using Annexin V/PI staining ( Fig. 3A ; Supplementary Fig. S4 ). In all samples tested, more apoptotic cells were detected at 48 hours compared with 24 hours, and 10 mmol/L of PF triggered more pronounced apoptotic cell death than 2.0 mmol/L at 24 hours (ATL13 and ATL21; Supplementary Fig. S4 ). The two most sensitive Japanese cell lines [ED40515(þ) and Su9T01] also exhibited the largest apoptotic fractions (40%-50%). Next, we examined cell cycle changes in PF-treated samples ( Fig. 3B ; Supplementary Figs. S5 and S6). The most significant phenotype was a prominent G 1 -S transition block detected in all samples, which was accompanied by corresponding S phase reductions. Variable extent of G 2 -M arrest was also observed. In three cell lines showing notable G 2 -M accumulation [ATL55T(þ), ED40515(þ), and ATL43Tb(À) at 40 hours only], CYCLIN B1 and phospho-Ser10 H3 signals were increased thus confirming the activation of G 2 checkpoint. However, this is not the case in ED40515(À) or Su9T01 ( Supplementary Fig. S5B ).
To determine the molecular mechanisms of PF response, we analyzed three cell signaling molecules (STAT5 and ERK1/2) known to be regulated by PAKs and important for ATLL biology (9, 29, 30) . In addition, c-MYC and three apoptosis regulators (MCL1, BAD, and BAX) were also examined. Of note, c-MYC and BAD have previously been shown to be the kinase substrates of PAK2 and PAK1/2, respectively (10). ATLL cells were treated with DMSO or PF for 2, 4, and 8 hours, and whole cell lysates were analyzed by Western blotting (Fig. 3C) . The IL-2-independent cell line, ATL43Tb(À), did not contain activated/phosphorylated STAT5. In all three IL-2-dependent cell lines, PAK inhibition notably reduced PY-STAT5 as early as 2 hours into the treatment. Oncogenic c-Myc levels were reduced after PAK inhibition in all samples. Anti-apoptotic MCL1 was also markedly reduced whereas the level of proapoptotic BAX was elevated at early stage of the treatment. Because PAK1 can promote ERK1/2 activation independent of its kinase activity (31), we also examined phospho-ERK1/2. All three J-ATLL cell lines showed no or very little phospho-ERK1/2 signals at the baseline, but the two IL-2-dependent lines [ATL55T(þ) and ATL43T(þ)] upregulated this signal following PF treatment. The cell line ATL18 contained strong phospho-ERK1/2 at the baseline, which was markedly inhibited by PF at 4 and 8 hours, implying that ERK1/2 activation is controlled by different mechanisms in this sample. In the three Japanese cell lines, neither total nor phospho-Ser112-BAD was altered by PF treatment; yet, both were consistently reduced by PF in ATL18 starting from the 2-hour time point. Most of these early changes could still be detectable at 48 hours ( Supplementary Fig. S7 ). The unexpected increase in phospho-BAD may reflect other kinases that can also act on the Ser112 residue (10) . Overall, despite the variability in ERK1/2 and BAD, the observed molecular changes were consistent with and likely contributed to the apoptosis and cell-cycle inhibition phenotypes shown in Fig. 3A and B.
Pharmacologic PAK inhibition impaired CADM1-mediated stromal adhesion by ATLL cells
In monotypic suspension culture, primary ATLL cells often form large aggregates, which will dissociate when plated on a feeder layer of HK cells (a human follicular dendritic cell line; ref. 23) , mimicking in vivo microenvironment (Fig. 4A ). Adherence to HK also markedly improved cell viability with unfractionated patient PBMCs and freshly sorted CD4 þ leukemic cells ( Fig. 4B ), suggesting that adhesion-induced cell signaling events regulate both cytoskeletal remodeling and cell death control programs. Because PAKs regulate cancer cell migration and lamellipodia formation by modulating RacGTP activity, and the CADM1-Tiam1-Rac complex has been shown to promote dissemination of ATLL cells in vivo (11, 15) , we examined the impact of pharmacologic PAK inhibition on the ability of ATLL cells to adhere to HK (Fig. 4C ). Using a Calcein AM-based cell adherence assay, we monitored HK adherence of seven ATLL cell lines over a period of 3 hours, comparing the results obtained with and without PF pretreatment. Among the seven cell lines tested, two were CADM1-negative [ Supplementary Fig. S8A , Su9T01, ED40515(À)] and neither showed significant HK adherence in 3 hours (Fig. 4C ). All five CADM1-expressing cell lines including the ATL18, demonstrated time-dependent HK adherence with variable kinetics. Most importantly, PF pretreatment significantly reduced HK adherence in all five CADM1-expressing cell lines but did not alter the low, basal HK binding activity of the CADM1-negative line, Su9T01. Flow cytometry analysis revealed that defective binding to HK was not due to PF-induced CADM1 downregulation ( Supplementary  Fig. S8B ). These observations support the notion that PAKs positively regulate stromal adherence by CADM1-expressing ATLL cells (Supplementary Fig. S8C ).
PAK2 but not PAK1 plays an important role in ATLL stromal interaction To examine involvement of PAK isoform(s) in the HK adherence process, we analyzed PAK1 and PAK2 protein during the first 150 minutes of ATLL-HK contact in three adhesion-competent cell lines (Fig. 4D) . Activated/phospho-Ser144-PAK1 was only detected in ATL43T(þ) cells, and was modestly reduced by PF pretreatment. Phospho-Ser141-PAK2 was detected in both ATL43T(þ) and ATL55T(þ) cells and this signal was nearly completely inhibited by PF pretreatment. All cell lines expressed phospho-Ser20-PAK2. This signal as well as total PAK2 were reduced after at 30 and 150 minutes following HK exposure in ATL55T(þ) and ED40515(þ) cells. In ATL43T(þ), however, these PAK2 signals appear to be slightly increased after 30 minutes of HK interaction. In all three cell lines, PF pretreatment decreased phospho-Ser20-PAK2 at the baseline (0 minute) and late stage of HK exposure (150 minutes). In summary, changes in total and/or phospho-Ser20-PAK2 but not any of the PAK1 signals correlated with PF-induced adhesion defect. Figure 3 . PAK inhibition induces time-and dose-dependent cytotoxicity in ATLL cell lines. ATLL cell lines exposed to PF for 24 or 48 hours at the indicated concentrations were analyzed by Annexin V (AV)/propidium iodide (PI) staining for apoptosis (A) and EdU/PI for cell-cycle changes (B). A, Viable fraction was defined as AVnegative/PI-negative cells; apoptotic fraction was defined as all AV-positive cells. Results shown are mean two independent experiments. Two-tailed Student t test was used for pair-wise comparison as indicated.
ATL55T(+) ATL43Tb(-) ATL43T(+) ED40515(-) ED40515(+)
Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001. Original flow cytometry plots are in Supplementary Fig. S4 . Results shown are mean AE SD. Ã , P < 0.01. C, Binding of ATLL cells to the HK feeder was measured in a 3-hour time course using the Calcein AM-based adherence assay. To measure the impact of PAK inhibition, ATLL cells were pretreated with PF at 2.5 mmol/L for 1 hour prior to exposure to the HK feeder. Results shown are representative of at least two independent experiments. D, Impact of PF pretreatment on PAK1 and PAK2 activation following adherence to the HK feeder. Before exposure to the HK feeder, ATLL cells were pretreated with PF at 2.5 mmol/L for 1 hour. Whole cell extracts were prepared at the indicated time points and analyzed by Western blotting for the indicated markers. E, Effect of siRNA-mediated PAK1 and PAK2 knockdown in ATL55T(þ) cells was demonstrated by Western blot analysis 48 hours after siRNA transfection. F, HK binding capability of PAK1 and PAK2 KD cells in E was evaluated as described in C. Relative adhesion measured at 3-hour after HK exposure is shown. Percentage reduction by PF is calculated using the adhesion of DMSO-treated PAK1/2 KD cells as 100% (numbers in blue). To directly evaluate the function of individual PAK isoforms, we turned to siRNA-based knockdown (KD) approach. Both PAK1 and PAK2 were substantially and specifically reduced at 48 hours following siRNA transfection in ATL55T(þ) (Fig. 4E) . Interestingly, we observed cross-talk between PAK1 and PAK2 because PAK1 protein was increased in PAK2 KD cells. We then subjected these cells to 1 hour pretreatment by PF before analyzing their capability to adhere to the HK feeder. As shown in Fig. 4F , PAK1 KD by itself reduced HK binding capability by 15.3% and 32.6% of the remainder can be further suppressed by PF. In comparison, PAK2 KD lead to 33.3% loss of HK binding capability and the remainder activity was largely resistant to PF (PFassociated binding loss was only 18.1%). Because PAK1 level increased in PAK2 KD cells, the result indicates that the loss of PAK2 function in cell adhesion could not be compensated by PAK1. Combined with the observations in Fig. 4D , these data suggest that PAK2 is the major target of PF activity in the HK adhesion assay whereas PAK1 has a minor contribution. This conclusion is further supported by time course analysis of PAK1 and PAK2 KD cells in adhesion test (Supplementary Fig. S8D ).
PAK2 but not PAK1 promotes cell autonomous ATLL cell survival
Using siRNA-mediated KD approach, we also examined the role of PAK1 and PAK2 in cell proliferation and survival in ATL55T(þ) and ATL43Tb(À) cells. ATL55T(þ) cells underwent moderate and substantial apoptosis following PAK1 and PAK2 KD, respectively ( Fig. 5B; Supplementary Fig. S9A ); yet, PAK1 or PAK2 KD did not alter survival of ATL43Tb(À) cells ( Fig. 5B;  Supplementary Fig. S9B ). We did not observe notable cell cycle changes in either cell lines (Supplementary Fig. S9C ). As to the molecular changes that may account for the apoptosis phenotype following PAK1 and PAK2 KD, we observed a reduction in totaland PY-STAT5, p-ERK1/2, and MCL1 proteins 72 hours following siRNA transfection (Fig. 5C) . The pro-apoptosis protein BAD was elevated at 48 hours only. Interestingly, similar changes were also Fig. S10 ). This raises an interesting question as to whether PY-STAT5 is a critical mediator of PAK1/2 function in cell survival.
PAK inhibition has potent activity in xenograft-based ATLL animal models
In addition to the NA-ATLL cell lines, we have also established and characterized PDX models using primary samples from our patients. In these models, distal tissue/organ dissemination from subcutaneous engraft site is a prominent feature and the pattern is similar to human ATLL (Fig. 6B) . Using a PDX models derived from ATL18 and a CDX model derived from ATL43Tb(À), we evaluated in vivo anti-ATLL activity of PF. In the initial experiment using the CDX model, PF administered at 12 mg/kg twice a week achieved significant TGI in 19 days (TGI ¼ 54.9%; Supplementary  Fig. S11A ). We then initiated a follow up study using the PDX model, where PF was administered daily over a period of 3 weeks (Fig. 6A) . At the 12 mg/kg daily dose, PF nearly completely inhibited the subcutaneous tumor growth (TGI ¼ 86.8% on day 16), whereas a substantial albeit more moderate inhibitory effect was achieved with 6 mg/kg (TGI ¼ 59.0% on day 16). Ki67 staining revealed reduced cell proliferation in the subcutaneous tumor mass in PF-treated animal; however, TUNEL-based apoptosis assay did not detect notable differences due to PF treatment ( Supplementary Fig. S11D ). Most importantly, PF completely prevented distal dissemination of leukemic cells from the subcutaneous site. This is evident from the histology of spleen, liver, lung, kidney, and bone marrow (Fig. 6B) as well as human CD45-based flow cytometry quantification of infiltrating leukemic cells (Fig. 6C) . We also examined CADM1 expression pattern at different sites of disease presentation. In keeping with a requirement for CADM1 in tissue/organ infiltration by ATLL cells, nearly all leukemic cells located in internal organs expressed this adhesion molecule (83%-100%) whereas in the subcutaneous site, CADM1 expression was much more variable (30.3%-88.3%) (Fig. 6D ). These results demonstrate that PF has potent anti-ATLL activity in xenograft ATLL models where it can strongly inhibit not only in situ tumor growth but also distal tissue/organ dissemination. Based on the overall health status, body weight change, and heart histology, the PF treatment protocol did not cause measurable, off-site toxicity in the test animals ( Supplementary Fig. S11B and S11C).
Discussion
ATLL is a very aggressive T-cell malignancy with no effective therapy (1, 3, 5) . Motivated by the observation that PAK2 is amplified in 24% of Japanese patients with ATLL (8), we examined therapeutic activity of PAK inhibition and characterized roles of PAK family kinases in this disease. We report there that PAK1/2/ 4 are the three most abundantly expressed PAK isoforms in ATLL. Functional studies demonstrate that the pan-PAK inhibitor PF has strong in vitro and in vivo anti-ATLL activity in a number of preclinical models. The observed activity of PF is likely attributed to its ability to target several PAK isoforms simultaneously because genetic silencing of either PAK1 or PAK2 only produced variable and moderate cytotoxicity. PAK2, but likely not PAK1, is the major mediator of CADM1-mediated stromal interaction, which is an important step in systemic dissemination of the disease. This is consistent with the observation that PAK2 is more frequently amplified in the aggressive subtypes of ATLL.
Among the six PAK isoforms, PAK2 and PAK4 are ubiquitously expressed, whereas the other four are restricted to specific tissue/ organs (9, 32) . In all ATLL samples tested, PAK2 mRNA is the most abundantly expressed followed by PAK1 and PAK4 (Fig. 1B and  C) . The protein products of all three of these genes can be readily detected in ATLL samples tested (Fig. 1D) . Although PAK1 and PAK2 have virtually identical substrate specificities, they play different and nonredundant roles in development and cancer (32) . For example, PAK1 but not PAK2 have been implicated as a direct regulator of nuclear gene expression program by phosphorylating transcription factors CtBP and STAT5 (29, 33, 34) . For cytoskeletal remodeling, rapid turnover of focal contacts at the leading edge of migrating breast cancer cells requires PAK1 (35, 36) , whereas modulation of RhoA activity during master cell degranulation is controlled by PAK2 but not PAK1 (37, 38) . In this study, we have found that ATLLs under-express PAK2 mRNA relative to normal CD4 T cells and other T-cell malignancies ( Fig. 1C ; Supplementary Fig. S2D ); yet, PAK2 protein levels appear to be comparable to those found in other T-cell malignances (Fig. 1D ) implying additional posttranscriptional regulation. We also found that PAK2 has a more important contribution than PAK1 to stromal adhesion and cell survival in ATLL cells (Figs. 4F and 5B). It is therefore possible that as a disease category, ATLLs tend to under-express PAK2 mRNA, and this may have rendered PAK2 levels limiting for in vivo disease progression, and hence PAK2-amplification events are positively selected in aggressive ATLLs.
We selected PAK1 and PAK2 for gene-specific functional studies since they are the most abundantly expressed PAKs in ATLL. Knockdown experiments showed that the contribution of these two genes to cell autonomous proliferation and survival is not universal. In ATL43Tb(À) cells grown in suspension, they play negligible roles; in ATL55T(þ), PAK2 KD caused significant apoptosis while PAK1 KD-induced cell death was more modest. Given the fact that the PF IC 50 dose for ATL55T(þ) is nearly twice of that for ATL43Tb(À) ( Fig. 2A ) and yet ATL55T(þ) was more sensitive to PAK1/2 KD, it is possible that targets other than PAK1 and PAK2 also mediated PF toxicity in the in vitro drug sensitivity tests. One such possibility is PAK4. Among the six Japanese cell lines studied by western blotting, the two most sensitive ones have very low phospho-Ser474-PAK4 signals [Su9T01 and ATL43Tb (À)] (Fig. 2B) . Therefore, when all of our findings are considered as a whole, there is a formal possibility that both PAK2 and PAK4 mediated PF-induced toxicity in the in vitro toxicity assays. Non-PAK kinases that could be targeted by PF under our experimental conditions could also be involved (24) .
Multi-organ involvement is the cause of mortality in ATLL. Therefore, ATLL treatment must effectively block systemic dissemination of leukemic cells. Two experiments in this study addressed this issue. In the adherence assays, PF significantly inhibited CADM1-dependent interaction with HK largely through PAK2 (Fig. 4) . Although the importance of CADM1 in ATLL progression and systemic dissemination has been documented in the literature (11, 13, 14) , this is the first time that a specific member of PAK is shown to operate downstream of CADM1 in this disease. Because stromal interaction significantly enhanced survival of primary ATLL cells (Fig. 4A and B) , and this process is largely PAK2-dependent, PAK2 is expected to function as a major survival factor in ATLL microenvironment as well. It is worth noting here that, in our xenograft study, PF dosed daily at 12 mg/ kg potently inhibited subcutaneous tumor growth and completely prevented distal dissemination of leukemic cells (Fig. 6) . Combined with the results from our biochemical analysis and PAK1/2 knockdown experiments, such PF activities should be largely attributed to PAK2 with minor contributions from other PAK isoforms, such as PAK1 and PAK4.
In summary, our findings in this study showed that PAK2, a gene frequently amplified in ATLL, facilitates CADM1-mediated stromal interaction and promotes ATLL cell survival. Furthermore, PAK inhibition through an inhibitor such as PF may hold great promise as a targeted therapy for aggressive ATLLs. Although PF was withdrawn from further clinical testing due to inadequate oral availability, additional PAK inhibitors have since been designed (24) and some of them may possess a favorable therapeutic window for a disease associated with frequent PAK2 amplification. Tables   Table S1 . List of antibodies used in Western blotting and flow cytometry analyses. 
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Supplementary Materials and Methods
Primary peripheral blood mononuclear cells (PBMCs) from ATLL patients and healthy subjects. Anti-coagulated peripheral blood samples were obtained from patients diagnosed with ATLL after Institutional Review Board approval by the Albert Einstein College of Medicine, in accordance with the Declaration of Helsinki. Patient characteristics, including demographics, laboratory parameters, cytogenetics and treatment course including survival, were collected using retrospective chart review 1 . Four healthy volunteers donated peripheral blood samples anonymously. PBMCs were purified from whole blood using Ficoll-Paquebased density centrifugation. Freshly isolated PBMCs were used for total RNA preparation (ATL6a, ATL6d, ATL13, ATL18, ATL20, and ATL21; Fig 1B) and in vitro drug sensitivity tests (ATL6a, ATL6b, ATL6c, ATL13, ATL18, ATL19, ATL21; Fig 2B-C and Fig S2) . Total RNA was also isolated from activated CD4 and Treg cells for RT-qPCR.
CD4 isolation. CD4+ human T cells were isolated from PBMCs using CD4 MicroBeads from (Miltenyi Biotec, Cat# 130-045-101). Purity is >95% according to cell surface staining of CD4 positive cells by flow cytometry. Purified CD4+ human T cells were coated at (1X10^5/well) and activated with anti-CD3 antibody (Clone OKT3, Biolegend) coated on 96-well round bottom plate at 5ug/ml together with incubation with soluble rhIL-2 at 1 ng/ml for 3 days. CD4 T cell activation status is determined by cell division (>75% division) by FACs analysis after activation. Treg (CD4+ CD25+) T cells were isolated using Treg isolation kit form miltenly bioteh accoding to manufacturer's instructions. Purity of Treg are ~ 92.5% after isolation as determined by FACS analysis.
Apoptosis, EdU-PI staining and flow cytometry. Cell cultures were exposed to PF-3758309 or upon siRNA-mediated knock down of PAK1 or PAK2. Apoptosis was evaluated using Annexin V-FITC Apoptosis Detection Kit I (BD Biosciences, cat. no. 556547) according to the manufacturer's instructions. The Click-iT EdU kit from Invitrogen (cat # 10424) was used for EdU labeling. Cells were washed twice and resuspended with cold 1 x PBS (+1% BSA). EdU was added to the cells at the final concentration of 10uM for 90min at 37 o C, followed by washing with 1 x PBS (+1% BSA). Cells were then fixed/permeablized and incorporated EdU was detected with azide conjugated to the Alexa Fluor 647 fluorochrome according to the manufacturer's instructions. RNaseA and propidium-iodide (PI) at the final concentration of 1mg/ml and 50ug/ml respectively were added to the cells for 30 minutes at 37 o C prior to FACS analysis. For CADM-1 cell surface expression, 0.5 x10 6 cells were washed twice with 1 x PBS (+2% FBS) followed by incubation with 2ul of FcR blocking reagent (Miltenyi Biotec, cat. no. 130-059-901)/100ul of staining buffer, 1 x PBS (+2% FBS), for 30 minutes on ice before staining with CADM-1 Alexa 647 antibody (MBL, cat no. CM004-A64). Cells were analyzed on the FACSCantoII flow cytometer and the results were analyzed using the FlowJo software.
siRNA Transfection. ATL55T(+) and ATL43Tb(-) were electroporated with either control, PAK1 or PAK2 siRNA using the Amaxa electroporation system kit T and L, respectively, according to the manufacturer's instructions. Control siRNA (5′-AACGTACGCGGAATACTTCGA; D-001210-01-05), 2 siRNAs against PAK1: PAK1i_a (5′-GAAGAAATATACACGGTTT; D-003521-01) PAK1i_b (5′-TGAAATGCTCTCGGCTAT; D-003521-21), PAK2 (5′-GAAGGAACTGATCATTAA; D-003597-05) and PAK4 (5′-GACUGAAGAACCUGCACAATT). siRNAs were purchased from Dharmacon and used at 100 uM final concentration.
Western blotting and quantitative RT-PCR (qRT-PCR).
Western blotting and qRT-PCR were performed using standard techniques as previously described 2 . To prepare whole cell protein lysates, cells were lysed at the ratio of 1x10 6 cells per 80 ul 1x lammeli sample buffer to obtain. 10 ul of protein lysate with the equivalent of 0.125 x10 6 cells were loaded per lane on the SDS-PAGE gel. Primary antibodies used are listed in Supplementary Table S1 . Total RNA was extracted using Trizol (Invitrogen), and the results from qRT-PCR were normalized using the geometric mean method with 3 housekeeping genes, HMBS, HPRT, and ACTB 3 . Sequences of the primers are listed in Supplementary Table S2 .
Histology. FFPE sections were prepared from tumors and organs from animals in the xenograft study. Following standard Hematoxylin and eosin (H&E), Ki-67 and TUNEL staining, slides were photographed through a light microscope.
Statistical analysis. Unpaired 2-tailed Student t-test was performed to compare numerical variables in two sample groups. The Kaplan-Meier method was used to estimate the survival distributions with the log-rank test performed to compare the survival curves. When comparing the frequency of PAK2 amplification in the aggressive versus indolent ATLL cases, the adjusted p-value (q-value) was obtained following Benjamini-Hochberg correction. The statistical analyses were performed with GraphPad Prism 7 or Stata v12 software. Statistical significance was set at a level of P<0.05. 
